Abstract
Arbuscular mycorrhizal hyphae in grassland select for a diverse and abundant 5 hyphospheric bacterial community involved in sulfonate desulfurization
Introduction
8 Arbuscular mycorrhizal (AM) fungi form symbiosis with 80% of land plant species, where 9 they penetrate root cortical cells forming arbuscules for plant-fungus metabolite exchange 10 (Smith and Read, 2008). AM fungi obtain essential nutrients via their extra-radicular hyphae 11 (2-10 µm in diameter) that can reach microsites within the soil structure, thus, increasing the 12 volume of soil and quantity of nutrients accessible to the host plant (Smith and Read, 2008) . Sulfur (S) is required for the growth of all living organisms. In recent years, inorganic S 31 deposition to soils through air pollution has been greatly reduced, while at the same time 32 fertilizer formulations were refined to contain less sulfate. This has led to a reduction in plant 33 available sulfate in soil (McGrath et al., 2003) . In soil, S is up to 95% organically bound, 34 primarily as sulfate esters and sulfonate-S, and not directly plant available (Autry and  35 Fitzgerald, 1990; Kertesz and Mirleau, 2004) . Plants rely on microbes to facilitate organo-S 36 mobilization . While hydrolysis of the sulfate ester bond is facilitated by 37 bacteria and fungi alike, aromatic sulfonate-S mobilization is achieved via a bacterial multi-38 enzyme complex of which the asfA gene is a marker . The aim of this study was to investigate the bacterial and fungal diversity associated with 50 hand-picked fungal hyphae selectively enriched in AM in comparison to bulk soil. 51
Additionally, the ability of these bacteria to desulfurize sulfonate-S and putatively attach to 52 fungal hyphae was investigated. The hypotheses were that i) fungal hyphae select for a 53 distinct bacterial community, and ii) sulfonate utilizing bacteria would be enriched in the 54 hyphoplane over both the hyphosphere and bulk soil due to their putative role in plant S 55 supply and ability to attach to fungal hyphae via T3SS. 56 
Materials and Methods

Extraction and Quantification of Bacteria from AM Hyphae 69
A number of techniques for separating bacteria directly colonizing the AM hyphoplane and 70 those in the hyphosphere were compared including; sucrose density gradient centrifugation 71 (Tommerup, 1992), Gentodenz extraction (Scheublin et al., 2010) , and Winogradsky's rapid 72 fractionated centrifugation (Faegri et al., 1977) . The modification to these methods lay in the 73 starting material. For this study, in-depth morphological assessment was used to pick 0.5 g of 74 hyphae (H) from the roots of each of the sods using a compound microscope (x100 75 magnification) and fine forceps (Hodge and Fitter, 2010) to enrich the sample in AM hyphae. 76
Excess soil was removed from the hyphal-root surface using a soft bristled brush. The hyphae 77 were picked carefully as to minimize the bias toward picking only robust hyphal 78 morphologies. Detailed microscopic observations of the picked hyphae confirmed typical 79 anatomical features of AM fungi and the absence of defined septa (Humphreys et al., 2010) . 80
Bulk soil (BS, soil free of any visible roots) was sampled at each site and used for 81 downstream experimentation in parallel to the picked hyphae. Both H and BS were separated 82 into supernatant and pellet (hyphosphere (hs) and hyphoplane (hp), respectively) via 83 centrifugation (4500 rpm, 15 min) and each fraction underwent further size fractionation 84 using sterile sieving to yield 212 and 64 µm treatment sizes (Supplementary information -85 Extraction Methods). Serial dilutions of these separation fractions were plated on R2A 86 (Reasoner and Geldreich, 1985) 
Community Fingerprinting 121
The frozen filter paper (Section 2.2) was used for community DNA extraction (hp, hs in H 122 and BS) using the UltraClean Soil DNA extraction kit from MoBio (Carlsbad, CA) according 123 to the manufacturer. The DNA was quantified using a Nano Drop ND-1000 (Thermo 124 Scientific) and diluted to 10 ng µl -1 . 125
Bacterial 16S rRNA gene amplification was carried out with this DNA using the primer pair 126 GC-341F/518R targeting the V3 region for denaturing gradient gel electrophoresis (DGGE) 127 (Muyzer et al., 1993) . The final concentration per 25 µl reaction was 1 X buffer (2 mM 128 Germain-en-Laye, France). ITS fragments were amplified employing PCR primers without a 175 GC clamp (Section 2.4). Amplification of hrcR gene fragments was achieved using a 176 touchdown PCR identical to the one described for asfA above but with a 68-58°C touchdown 177 and primer pair HrcRF/HrcRR (Warmink and van Elsas, 2008). For hrcR in BS, a nested 178 PCR approach was necessary to obtain a sufficient PCR yield using the hrcR-DGGE product 179 as a template for the second PCR with untagged primers. 180
All PCR products were purified, quantified, and ligated into the cloning vector pJET1.2/blunt 181 (CloneJet, Thermo Scientific). The respective ligation reaction was transformed into E. coli 182 DH5. In order to ascertain taxonomic diversity of recombinant plasmids containing an insert 183 of the correct size, RFLP was carried out on PCR amplicons using the restriction enzymes 184
AluI and RsaI for asfA and hrcR, and HaeIII was used for ITS (Thermo Scientific) (Section 185 2.3). Clones with a similar restriction pattern were classified as a single genotype using 186
Phoretix 1D (Nonlinear Dynamics, Newcastle upon Tyne, UK). Unique genotypes with more 187 than one representative clone were re-amplified and the purified PCR product was used for 188 sequence identification (GATC Biotech). The sequences obtained were subjected to gene 
Results
203
Quantification of Cultivable Heterotrophic Microbes 204
The sucrose density gradient extraction methodology was chosen for subsequent analysis as it 205 demonstrated the highest bacterial yield in CFU g -1 and was thus thought to best represent the 206 total bacterial population (Table 1) . For all separation methodologies, significantly greater 207 CFU was observed for H (both hs and hp fractions) over BS (P ≤ 0.01; highly significant). 208
The total cultivable heterotrophic bacterial community was in the region of 10 6 -10 7 for H, 209 and 10 5 for BS (Table 1) . There was not a significant difference between hs and hp, or the 210 212 and 64 µm size fractions (P > 0.05). 211 212
Functionality of Dominant Isolates 213
Of 200 single colonies picked from CFU plates, 101 potential desulfonating isolates were 214 obtained on solid minimal media. Optical density measurement of these bacteria in liquid 215 minimal media identified 51 isolates with greater relative growth in MM2TS to MM2SF after 216 a 14 day growth period (P ≤ 0.05; significant). RFLP of these isolates identified 30 different 217 restriction patterns (OTUs). OTUs that were identified more than once or showed a growth 218 advantage of over 0.5 (OD590) were subjected to sequence identification ( (Fig. 1) . Additionally, the hrcR gene has been identified from the overriding 233 dominant OTUs in this study Stenotrophomonas H11 and Pseudomonas H8 ( (Fig. 2) . 237 238
Community Fingerprinting 239
DCA of the 16S rRNA gene based fingerprint identified separation only between H and BS 240 (Fig. 3A) and not between hs and hp or sieve size fractions. Monte Carlo permutation tests 241
confirmed that H and BS bacterial communities were significantly different (P ≤ 0.01), while 242 no significant differences between separation fractions or sieve size fractions were detected 243 (P > 0.05). The DCA of ITS DNA fingerprints identified a clear separation of H and BS (Fig.  244   3B ). However, for both H and BS the separation fractions (hs and hp) grouped together. 245
Monte Carlo permutation tests confirmed that H and BS differed significantly from one 246 another (P ≤ 0.01), whereas separation and size fractions did not (P > 0.05). Likewise, the 247 AM Fungal community fingerprint analysis (DCA) revealed a clear separation of H and BS 248 ( Fig. 3C ; P ≤ 0.01) due to the anticipated enrichment of AM hyphae in the hand-picked 249 hyphal sample (H). No separation of fractions hs and hp was identified (Fig. 3C ) and this was 250 confirmed via permutation tests (P > 0.05 for hs:hp). Bands were excised from the AM 251 fingerprints that were both common and more intense in H relative to BS treatment. The 252 excised bands were subjected to sequence identification and, of these, 8 AM sequences were 253 obtained, 6 of which were closely associated to uncultured AM clones and the remaining two 254 were associated to G. intraradices (Rhizophagus intraradices) and Diversispora celata (Fig.  255   4) . 256
Visual inspection of 16S rRNA gene (bacteria), ITS (fungal) and 18S rRNA gene (AM 257
tables S1A-C). 262
Visual inspection of hrcR DNA fingerprints of the fungal hyphoplane and hyphosphere 263 identified both fractions to be similar in profile (Supplementary fig. S1 ). This was confirmed 264 via Monte Carlo permutation test (P > 0.05). 265 only H asfA genotypes alongside asfA from isolates were subjected to phylogenetic analysis. 274
A phylogenetic tree was constructed (Fig. 1) Cultivation independent T3SS analysis was accomplished by cloning amplicons of hrcR from 295 H and BS and subsequent genotype screening via RFLP. All sequences obtained were 296 compared using BLAST. The BS genotypes were not identified as hrcR-like as open reading 297 frames associated to T3SS were not retrieved. Therefore, only clones from the H treatment 298 were subjected to further phylogenetic analysis. Screening of 50 clones revealed 6 distinct 299 genotypes with library coverage of 96%. The dominant genotypes were associated to (based 300 on BLAST, in decreasing order of dominance); Pseudomonas (genotype 4, 58% of 301 population), Ralstonia (genotype 3, 14%) and Burkholderia (genotype 1, 12%; OTU5, 8%) 302 (Supplementary table S3 ). In the constructed tree of HrcR, the over-riding dominant genotype 303 (4) was found to be deeply branching from identified clades indicating a low degree of 304 similarity to HrcR of Pseudomonas and Mesorhizobium (44 -47% similarity, Fig. 2) . The 305 next most dominant genotypes (1 and 5) were closely associated (98% similarity) to HrcR of 306
Burkholderia terrae of the Burkholderiales clade. Genotype 3 clustered with Ralstonia (70% 307 similarity) in the Burkholderiales clade (Fig. 2) . No associations were found with the 308 The results obtained demonstrate that AM hyphae can host a large and diverse community of 404 functional PGP bacteria involved in the mineralization and bio-availability of sulfonate-S. 405
Hyphospheric bacteria from this study were found to be capable of desulfurizing sulfonates 406 of which some had the potential to attach to AM hyphal surfaces. 
Supplementary information -Extraction Methods
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Sucrose Density Gradient Centrifugation
H and BS were homogenized in 8 ml of sterile 0.85% NaCl 2 in a Seward Stomacher 400 circulator (Seward, UK) for 5 minutes at 230 rpm. The homogenate was passed through a series of sieves (Endecotts, UK) with decreasing pore size; 750 µm, 500 µm, 212 µm, and 64
µm. The sievings were collected from the 212 µm and 64 µm sieves and re-suspended in 50 10 ml of sterile 0.85% NaCl 2 and centrifuged at 771 x g for 5 min. The pellet was re-suspended in 4 ml of 50% sucrose solution and centrifuged at 771 x g for 1 min. The supernatant and pellet of this centrifugation were each re-suspended in 50 ml of sterile 0.85% NaCl 2 and used for bacterial community quantification and functional analysis.
Gentodenz Density Gradient Centrifugation 15
H and BS were homogenized in 8 ml of sterile Na 4 P 2 O 7 (0.1%, pH 7) in a blender for 4 x 7 s blendings, with 2 min intervals on ice. The suspension was centrifuged for 5 min at 150 x g and 4°C to precipitate soil particles. The supernatant was filtered through a 60 µm sieve and 1 ml of Gentodenz (Gentaur, Belgium) was pipetted below the aqueous phase of the filtrate.
After centrifugation for 20 min at 3000 x g (4°C), 1 ml of the interphase containing the 20 bacteria was collected and diluted with 1 ml of sterile Na 4 P 2 O 7 (0.1%, pH 7). This suspension was re-centrifuged, re-sieved and 1 ml of Gentodenz was pipetted below the aqueous phase of the filtrate. Gentodenz centrifugation was performed for 60 min at 3000 x g and 4°C. In all, 3ml of the interphase was diluted with 9ml of liquid M-medium. After centrifugation for 15 min at 3000 x g, the supernatant and pellet (re-suspended in 50 ml of sterile 0.85% NaCl 2 ) 25 were used for bacterial community quantification and functional analysis.
Winogradsky's Rapid Fractionated Centrifugation
H and BS treatments were homogenized with 8 ml of sterile Winogradsky's Salt Solution (WSS, Faegri et al., 1977) 1:20 (v/v) in a blender for 3 x 60 s blendings at 4°C. The homogenate was diluted to 50 ml in sterile WSS and sieved using a 60 µm sieve. The 30 sievings were re-suspended in 50 ml of sterile WSS and centrifuged at 1000 x g for 15 min.
Following this first centrifugation, the pellet was re-homogenised in a blender for 60 s, rediluted, and re-centrifuged an additional two times. The combined supernatants of the above three low-speed centrifugations were centrifuged at 10,000 x g for 30 min at 4 o C. After centrifugation, the supernatant and pellet (re-suspended in 50 ml of sterile 0.85% NaCl 2 ) 35 were used for bacterial community quantification and functional analysis.
Supplementary table S1
Denaturing Gradient Gel Electrophoresis (DGGE) band number profile of hyphae and bulk soil (bs), separation fractions (supernatant -hs, pellet -hp) and size fractions (212 and 64 µm) for bacterial 16S rRNA (A), fungal ITS (B), arbuscular mycorrhiza (C), and bacterial 40 
